During 2014-2017, we isolated a novel orthobunyavirus from broiler chickens with severe kidney lesions in the state of Kedah, Malaysia; we named the virus Kedah fatal kidney syndrome virus (KFKSV). Affected chickens became listless and diarrheic before dying suddenly. Necropsies detected pale and swollen kidneys with signs of gout, enlarged and fragile livers, and pale hearts. Experimental infection of broiler chickens with KFKSV reproduced the disease and pathologic conditions observed in the field, fulfilling the Koch's postulates. Gene sequencing indicated high nucleotide identities between KFKSV isolates (99%) and moderate nucleotide identities with the orthobunyavirus Umbre virus in the large (78%), medium (77%), and small (86%) genomic segments. KFKSV may be pathogenic for other host species, including humans. I n recent years, numerous arboviruses have reportedly caused major outbreaks among domestic or wild birds (1, 2) . Most arboviruses associated with widespread epizootics are members of the Flaviviridae family, although the poultry industry has been affected by other arboviruses (3) (4) (5) . The order Bunyavirales comprises at least 9 families and 13 genera. Of the major genera, only viruses of the Orthobunyavirus, Orthohantavirus, Orthonairovirus, and Phlebovirus genera infect vertebrates (6) (7) (8) . Orthobunyavirus is the most diverse genus within the Bunyavirales order, comprising ≈170 viruses classified into >18 serogroups on the basis of antigenic relationships; this serology correlates well with the phylogenetic analyses (9) . For birds, particularly domestic poultry, descriptions of natural infections with orthobunyaviruses are scarce (10, 11) . Hubálek et al., in a recent comprehensive review on arboviruses, listed only a few orthobunyaviruses pathogenic to domestic poultry, most likely reflecting a minor role of orthobunyaviruses in poultry diseases (5) .
Since 2014, sporadic cases of a new disease in broiler chickens, manifested as clinical signs of lethargy accompanied by some gastrointestinal symptoms and sudden death from severe kidney damage, have been reported in northwestern Malaysia. We identified and characterized the etiologic agent of this disease.
Materials and Methods

Detection and Identification of the Etiologic Agent
We collected samples of kidney and cecal tonsils from affected chickens in the field that died and submitted them to the Scientific Support and Investigation Laboratory of Ceva-Phylaxia (Budapest, Hungary) for detection of possible viral agents. The tissue samples were homogenized to give ≈10% (wt/vol) suspension in phosphate-buffered saline pH 7.2. The homogenized samples were centrifuged at 1,000 × g for 15 min at 4°C and then filtered through a 0.45-µm membrane. We inoculated 0.2 mL of the filtered supernatant via the chorioallantoic cavity into specific pathogen free (SPF) eggs, 9-11 days old, divided into groups of 5. After inoculation, we checked eggs daily for 7 days and discarded those that died within 24 h. The chorioallantoic fluid was harvested aseptically from embryos that died after 24 h, and these embryos were examined for the presence of gross pathologic lesions. If at the end of the 7-day observation period no embryos had died, we removed the eggs with live embryos and kept them at 4°C for 24 h and then collected the chorioallantoic fluid for the next passage. We conducted 3 blind passages before considering a sample negative for pathogens.
The chorioallantoic fluid of the embryos showing pathologic lesions was inoculated onto LMH (chicken hepatocellular carcinoma) and Vero (African green monkey kidney) cell cultures and checked for cytopathogenic agents. LMH cells were also used for propagation and titration of the isolated virus and for reisolation of the virus from kidney samples from experimentally infected chickens.
Supernatants of tissue cultures showing cytopathologic changes were centrifuged at 10,000 × g for 5 min, and 200 µL of the supernatant was used for nucleic acid extraction by use of the ZiXpress32 Viral Nucleic Acid Extraction Kit and ZiXpress32 robot (Zinexts Life Science, http://www. Zinexts.com). Random primed reverse-transcription PCR (RT-PCR) was performed as described elsewhere (12, 13) . We subjected 100 ng of cDNA to enzymatic fragmentation and adaptor ligation, following the manufacturer's recommendations (NEBNext Fast DNA Fragmentation & Library Prep Set for Ion Torrent; New England Biolabs, https://www.neb.com). The resulting cDNA libraries were measured on Qubit 2.0 equipment by using the Qubit ds-DNA BR Assay kit (Invitrogen, https://www.thermofisher. com). The isothermal emulsion PCR that produced clonally amplified libraries was conducted according to the manufacturer's protocol by using the IA 500 kit (Life Technologies, https://www.thermofisher.com). Enrichment of the templated beads (on an Ion OneTouch ES machine; Life Technologies) and further steps of presequencing setup were performed according to the manufacturer's 200-bp protocol. We strictly followed the sequencing protocol recommended for the Ion PGM Hi-Q View Sequencing Kit on a 316 v2 chip (Life Technologies).
Sanger sequencing was used to validate results obtained by the viral metagenomics approach. Primer pairs were designed to amplify 0.8-1.2-kb fragments (not shown). The BrightDye Terminator Cycle Sequencing Kit (NimaGen, https://www.nimagen.com) was used in the amplification reaction, and dye-labeled products were run on an ABI 3500 sequencer (Life Technologies).
Sequence reads obtained by next-generation sequencing were trimmed by using CLC Genomics Workbench version 7 (http://www.clcbio.com). The minimal read length parameter was set to 40. The same software was used to assemble the genome sequence. After visually inspecting the sequence mappings, we created 1 consensus sequence for all 3 genome segments (small [S], medium [M] , and large [L]). Sanger sequencing outputs were analyzed by using BioEdit software (14) . Sequence contigs from the 2 sequencing platforms were assembled and further edited by using GeneDoc (15) and BioEdit software and then analyzed by similarity search with BLAST (14-16). We deposited newly generated nucleotide sequences into GenBank (accession nos. MK047401-MK047415). Multiple alignments were prepared by using the TranslatorX online program (17) and manually adjusted in GeneDoc, whereas phylogenetic analysis by the maximum-likelihood and the neighbor-joining methods was performed by using MEGA6 software (18) . The coding potential was predicted by using ORF Finder (http://www.ncbi. nlm.nih.gov/gorf/gorf.html).
Development of Diagnostic RT-PCR
For assay development and quantification of the novel orthobunyavirus genomic RNA in organ samples of the experimental animals, we extracted viral RNA as previously described and designed primers and probes for the S genomic segment of the novel orthobunyavirus. The reaction mixture of quantitative RT-PCR (qRT-PCR) that we used was composed of 10 µL 2× qPCRBIO Probe 1-Step Mix (PCR Biosystems, http://www.pcrbio.com), 1.6 µL S gene specific forward (5′ GGGTAGCACTAGCATTTATCCA 3′) and reverse (5′ TGTAGACACCCACAAACGTATC 3′) primers (each from 10 μM stock solutions), 0.5 µL S gene specific probe (5′ [FAM] AGCTCACATACGAG-GATACACAGGA [BHQ] 3′) from a 10 μmol/L stock solution, 1 µL 20× RTase with RNase inhibitor, 0.3 µL nuclease-free water, and 5 µL RNA. The thermal profile of the qRT-PCR was as follows: reverse transcription at 50°C for 10 min terminated by heating to 95 °C for 2 min, followed by amplification performed in 40 cycles consisting of denaturation at 95°C for 5 s and hybridization and elongation at 60°C for 20 s. Throughout the study, we used a Mic qPCR cycler (Bio Molecular Systems, https://biomolecularsystems.com), kindly provided for the project by Péter Kisfali, Amplicon Ltd.).
To test the assay specificity, we used a number of viruses from our strain collection, including avian nephritis virus (Astroviridae); QX-like, 4/91-like, and Massachusetts-like infectious bronchitis virus strains (Coronaviridae); representative isolates of avian metapneumovirus A, B, and C and Newcastle disease virus (Paramyxoviridae); isolates of influenza (H9N2) and (H5N8) viruses (Orthomyxoviridae); and Tembusu virus (Flaviviridae).
Experimental Reproduction of the Disease
We tested the pathogenicity of 1 of the isolates (D2756/1/2014/MY) in 5-day-old broiler chickens purchased from a commercial hatchery in Hungary. We inoculated 10 chickens with 0.2 mL of 5.1 log 10 50% tissue culture infective dose (TCID 50 ) of the isolate by either the subcutaneous or oral route; for negative controls, we inoculated 5 chickens of the same age with phosphate-buffered saline pH 7.2. We kept all birds in isolators with negative pressure and monitored them daily for overt clinical signs and death for 26 days after inoculation.
We recorded gross lesions of birds that died during the 26-day postinoculation period and collected samples from the spleen, liver, kidney, heart, pancreas, small intestine, bursa, and thymus and placed them in 10% buffered formalin for histologic analysis. We also collected tissue samples (spleen, liver, kidney, heart, intestine, and bursa) from 5 chickens in the subcutaneously infected group and 4 chickens from the orally infected group that died and processed them for viral RNA detection by using qRT-PCR. We euthanized all remaining birds and inspected them for gross pathologic lesions, collecting samples for histologic analysis (spleens, livers, kidneys, hearts, and bursa Fabricii) and qRT-PCR (spleens and kidneys from all; hearts, livers, bursa Fabricii, and cecal tonsils from a few).
Histologic Analyses
Tissue samples were processed according to standard histologic procedures. Samples were embedded in paraffin, cut in 5-µm sections, stained with hematoxylin and eosin or trichrome, and examined under light microscopy.
Results
Epidemiologic and Clinical Observations
The first outbreaks of the disease occurred during JulySeptember 2014 and recurred during the same months each subsequent year. All cases were from broiler farms with open-sided houses in Kedah (Figure 1 ).
Several chickens in the affected flocks became listless and exhibited signs of diarrhea. Affected birds died soon after the appearance of the first clinical signs. The disease sometimes occurred in birds ≈1 week of age but more routinely in those 2-4 weeks of age. Mortality rates varied within a wide range, from a low percentage to 30%-40% (Figure 2 ).
The most striking lesions in dead chickens were pale, swollen kidneys with uric acid deposits, frequently localized in the tubules and ureters ( Figure 3 ) and also found on the surface of serosa covering the visceral organs. The livers were moderately enlarged and fragile. The heart muscle was pale. No obvious gross lesions were seen in any other organs.
Etiologic Agent
From identified sequence scaffolds with greatest BLAST hits to the orthobunyavirus Umbre virus (Turlock serogroup). The most 3′ and 5′ ends of the genomic RNA could not be determined with this method. To confirm the sequencing results obtained by next-generation sequencing, we also performed Sanger sequencing. The obtained nearly full-length genome sequences (L segment ≈6.9 kbp, M segment ≈4.3 kbp, S segment ≈0.8 kbp) showed >99% nt sequence identities between isolates D2756/1/2014/MY and D2756/2/2014/ MY. When we compared sequences with Umbre virus, we identified 78% nt sequence identities along L, 77% along M, and 86% along S genomic segments.
Diagnostic qRT-PCR
The S genomic segment contained an ≈200-bp fragment that shared high sequence homology with Umbre virus. Primers and probes had been designed to detect Malaysia orthobunyavirus isolates and Umbre virus, although the assay was not tested against Umbre virus or other closely related strains within the Turlock serogroup. The assay exhibited high specificity when tested against a variety of viruses characterized by kidney tropism and was able to reproducibly detect the viral RNA from tissues that corresponded to as few as 3 TCID 50 /mL virus culture supernatant (or 0.03 TCID 50 virus/5 µL RNA). The kidney samples submitted from the sick poultry in the field during 2014 and 2017 contained RNA copies corresponding to a viral titer of 9.00 × 10 4 to 4.81 × 10 5 TCID 50 of infectious virus per gram of organ specimen. Phylogenetic analysis based on the partial amino acid sequences of proteins encoded by the L, M, and S segments showed that all 5 isolates detected from 4 different outbreak cases over a 3-year period were highly similar in the regions analyzed ( Figure 4 ).
Experimental Reproduction of the Disease
The pathologic condition of chickens in the field could be reproduced by experimental infection of chickens with 1 of the selected isolates (D2756/1/2014/MY). From postinoculation day 3, chickens became listless and showed loss of appetite. Deaths occurred during postinoculation days 3-5 in the subcutaneously infected group and started 2 days later (postinoculation day 5) in the orally infected group. The mortality rate was higher for the group infected by the subcutaneous route ( Figure 5 ).
After clinical signs appeared, the chickens died within 12-24 hours. In those that died, gross lesions were mainly confined to the kidneys, which were pale and swollen with distended ureters filled with uric acid (Figure 6, panel A) . In some chickens, visceral gout also developed ( Figure 6, panel  B) . Other gross lesions that could be observed in most dead chickens were accumulation of serous exudate in the abdominal cavity and pericardium, signs of liver degeneration, and discoloration of the heart muscle. The chickens in the control group remained healthy throughout the observation period.
Histopathologic Findings
In the organs collected from the experimentally infected chickens that died, the predominant histologic lesions were in the kidney, liver, heart, and lymphoid organs. The most consistent lesions were tubulonephrosis with occasional tubular epithelium necrosis; intraglomerular urolithiasis and multifocal interstitial lympho-histiocytic infiltration ( Figure  7, panel A) ; vacuolic degeneration and disintegration of liver cells with signs of hepatitis ( Figure 7, panel B) ; acute serous myocarditis; and depletion of lymphocytes with scattered lymphocyte necrosis in the lymphoid organs (spleen, bursa Fabricii, and thymus) (Figure 7 , panels C and D).
Histopathologic changes were nearly completely missing in the birds sampled at the end of the experiment. Only some focal interstitial nephritis, hepatitis, and myocarditis could be found in a few birds.
Viral RNA in Tissue Samples from Infected Chickens
High viral loads in the different organ samples of dead chickens were similar, irrespective of the route of infection and time of death (Table) . These results suggest that the virus could cause a high level of viremia and could replicate at a significant level in different organs (different cell types). The virus-specific nucleic acid was still present in the spleen of healthy chickens at the end of the observation period, but no viral RNA could be detected in kidney, cecal tonsil, and bursa tissues from these chickens.
Discussion
We found the causative agent of the disease outbreak of severe kidney damage among broiler chickens in Malaysia in 2014 to be a newly emerging orthobunyavirus. On the basis of the main pathologic features of the disease seen in the field and after experimental infection, we propose that the virus be designated Kedah fatal kidney syndrome virus (KFKSV) of broilers.
Analysis of the near full-genome sequence of 2 isolates, D2756/1/2014/MY and D2756/2/2014/MY, demonstrated that the virus is similar to Umbre virus, which belongs to the Turlock serogroup of the Orthobunyavirus genus (19) . This serogroup is represented by 2 species and several virus isolates detected in Africa, Asia, Europe, and the Americas (20) . So far, little information has been collected about the pathogenic potential of viruses belonging to the Turlock serogroup. Antibody response and transient viremia have been observed in chickens experimentally infected with Turlock virus (21) .
Umbre virus was isolated during the 1950s from Culex mosquitoes and birds (22, 23) from India and Malaysia, and antibodies have been measured in serum of wild birds and sentinel chickens from Malaysia (24) . Although D2756/1/2014/MY, which we isolated, is genetically related to Umbre virus, we propose the name Kedah fatal kidney syndrome virus of broilers on the basis of its unique pathologic characteristics in meat-type chickens.
Several viruses within the Orthobunyavirus genus are of major veterinary and public health concern (5). Because KFKSV is a newly emerging virus, no experimental data are available regarding its pathogenicity and transmissibility. Disease in chickens could be reproduced by oral infection even though most orthobunyaviruses are vectorborne and the field cases in Malaysia occurred during mosquito season. Our results show that, after oral infection, high levels of virus could be detected in internal organs (including intestines) of infected chickens, which suggests that direct bird-to-bird transmission may contribute to the spread of this virus within an infected flock. The disease characteristics (e.g., sudden outbreaks, fast spread, and high morbidity rates) further support the existence of direct bird-to-bird transmission within a flock; however, the role of arthropods in introducing infection into a flock cannot be ruled out because of the seasonal occurrence of the disease. The fast spread of the disease in a flock and our experimental infection results, which proved that infection by the oral route is efficient, strongly suggest that mosquitoes may not be the exclusive vehicle for transmission of this virus within a flock.
The D2756/1/2014/MY isolate of KFKSV was highly pathogenic in young broiler chickens, causing mortality rates of 50%-70% and severe gross and histopathologic lesions in the kidneys and liver after experimental infection. The gross and histopathologic changes caused by the isolate were similar to those found in field-infected chickens. The virus could be detected from all tested internal organs of dead chickens, including intestines, but the spleen samples collected from asymptomatic chickens after recovery were also positive for KFKSV 3 weeks after infection. Therefore, investigation of virus persistence and transmission is needed.
There are no commercially available or standardized tests for diagnosing bunyavirus infections in poultry. Establishing a diagnosis requires submitting samples to specialized reference laboratories. KFKSV can be isolated and grown in chicken embryos and can be propagated in LMH and Vero cells. When reported disease and clinical history of a flock includes kidney lesions, diagnostic laboratories can use the molecular diagnostic method we describe in this article to check submitted materials for this newly discovered emerging species of orthobunyavirus. Similar kidney lesions could be observed after infection with avian infectious bronchitis virus, astrovirus, and leucocytozoonosis. Diagnosis of these infections is generally based on detection by RT-PCR and sequencing, virus isolation, and demonstration of an immune response by virus neutralization or enzyme immunoassay.
For determining a possible viral origin of an idiopathic disease, the viral metagenomics technique is useful, as is demonstrated by our investigation of this novel orthobunyavirus. The potential of this virus to spread to other animal species or humans cannot be excluded. Therefore, studies in which additional data are collected to elucidate the pathogenic potential of this virus in avian and other animal species should be initiated. Studies to scrutinize its potential as a public health hazard should also be considered. Because of the zoonotic nature of some orthobunyaviruses closely related to KFKSV (5, (25) (26) (27) , we highlight the need for wider surveillance of KFKSV in birds and mammals of other species in a more extended geographic area. Research in the surveillance of putative disease vectors and the possible prevalence of this virus in livestock and wildlife should be encouraged. The molecular diagnostic assay that we developed could help these research and disease surveillance efforts in the affected area, although the extent of its applicability against a broader diversity of orthobunyaviruses needs to be validated. 
